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Molecular Genetic Diversity after Reciprocal Recurrent Selection in BSSS
and BSCB1 Maize Populations
Abstract
Iowa Stiff Stalk Synthetic (BSSS) and Iowa Corn Borer Synthetic #1 (BSCB1) are undergoing reciprocal
recurrent selection as part of Iowa's Federal-State maize (Zea mays L.) breeding program. This study focused
on molecular genetic variation in BSSS(R) and BSCBI(R) cycle 0 (CO) and cycle 12 (C12) populations, as
well as the inbred progenitor lines (P) used to synthesize BSSS and BSCB1. The objectives were to quantify
amounts of genetic variation within populations, to estimate what proportion remained after selection, and to
compare genetic diversities between BSSS and BSCB1 populations. Genotypic data for 82 restriction
fragment length polymorphism (RFLP) loci were collected from 100 randomly sampled individuals from
each CO and C12 population, 16 BSSS(R) progenitors, and 12 BSCBI(R) progenitors. Progenitor lines were
highly homozygous as expected. No single progenitor made excessive genetic contributions to CO or C12.
The BSSS and BSCB1 progenitor populations were initially genetically similar (Nei's genetic distance = 0.07).
After 12 cycles of selection, they substantially diverged (Nei's distance = 0.66). Gene diversity (expected
heterozygosity under random mating) across progenitor populations was very broad (mean gene diversity =
0.6) and remained at that level to C12. Within both populations, the polymorphism level decreased from
about 99 to 75%, and gene diversity decreased from about 0.6 to 0.3 between P and C12. The mean number of
alleles per locus dropped from about four to less than three. Assuming an effective population size as the mean
number of selected S1 lines over 12 cycles, the observed loss of variation was consistent with theoretical
expectations resulting from genetic drift of neutral alleles.
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Molecular Genetic Diversity after Reciprocal Recurrent Selection in BSSS
and BSCB1 Maize Populations
Joanne A. Labate, Kendall R. Lamkey,* Michael Lee, and Wendy L. Woodman
ABSTRACT
Iowa Stiff Stalk Synthetic (BSSS) and Iowa Corn Borer Synthetic #1
(BSCB1) are undergoing reciprocal recurrent selection as part of
Iowa’s Federal-State maize (Zea mays L.) breeding program. This
study focused on molecular genetic variation in BSSS(R) and BSCBI(R)
cycle 0 (CO) and cycle 12 (C12) populations, as well as the inbred
progenitor lines (P) used to synthesize BSSS and BSCB1. The objectives
were to quantify amounts of genetic variation within populations, to
estimate what proportion remained after selection, and to compare
genetic diversities between BSSS and BSCB1 populations. Genotypic
data for 82 restriction fragment length polymorphism (RFLP) loci
were collected from 100 randomly sampled individuals from each
CO and C12 population, 16 BSSS(R) progenitors, and 12 BSCBI(R)
progenitors. Progenitor lines were highly homozygous as expected.
No single progenitor made excessive genetic contributions to CO or
C12. The BSSS and BSCB1 progenitor populations were initially
genetically similar (Nei’s genetic distance = 0.07). After 12 cycles of
selection, they substantially diverged (Nei’s distance = 0.66). Gene
diversity (expected heterozygosity under random mating) across pro-
genitor populations was very broad (mean gene diversity = 0.6) and
remained at that level to C12. Within both populations, the polymor-
phism level decreased from about 99 to 75%, and gene diversity
decreased from about 0.6 to 0.3 between P and C12. The mean number
of alleles per locus dropped from about four to less than three.
Assuming an effective population size as the mean number of selected
S1 lines over 12 cycles, the observed loss of variation was consistent
with theoretical expectations resulting from genetic drift of neutral
alleles.
SELECTION METHODS in maize have been extensivelydeveloped and refined during this century. One broad
class of methods is referred to as recurrent selection
(Hallauer, 1985). Recurrent selection methods use 
cyclical approach to gradually increase the frequency of
favorable alleles within genetically broad-based popula-
tions. These methods can be distinguished from pedigree
selection, which emphasizes the use of narrow-genetic
base populations and rapid inbreeding. Both selection
methods have replaced traditional mass selection in open-
pollinated populations of maize.
Reciprocal recurrent selection of ’Iowa Stiff Stalk Syn-
thetic’ (BSSS) and ’Iowa Corn Borer Synthetic No. 
(BSCB1) in Iowa’s Cooperative Federal-State maize
breeding program is currently in the 14th cycle of selec-
tion. Selection has been primarily for increased grain
yield and, secondarily, for reduced grain moisture at
harvest and increased resistance to root and stalk lodging.
J.A. Labate and K.R. Lamkey, USDA-ARS, Dep. of Agronomy, Iowa
State Univ., Ames, IA 50011; M. Lee and W. Woodman, Dep. of
Agronomy, Iowa State Univ., Ames, IA 50011. Joint contribution from
the Field Crops Research Unit, USDA-ARS, Dep. of Agronomy, Iowa
State Univ. and Journal Paper No. J-16801 of the Agric. and Home
Economics Exp. Sin. Project Nos. 3082 and 3134. *Corresponding author
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After 11 cycles of selection, grain yield of the interpopu-
lation cross was reported to have improved 77% over
the CO interpopulation mean, with concurrent favorable
responses in the other traits (Keeratinijakal and Lamkey,
1993a). The success of this breeding program is thought
to rely on increases in frequencies of selected alleles at
complementary loci in each population. The program is
designed to minimize inbreeding, allow genetic recombi-
nation within populations to maintain genetic variation,
and allow for continued gradual improvement in future
cycles.
Maintaining genetic variation in a selection program
usually involves a trade-off between selection intensity
and effective population size when resources are held
constant. Keeratinijakal and Lamkey (1993a) estimated
the inbreeding level of BSSS(R)C 11 and BSCB 1 (R)C 
to be 37%, which indicated that the genetic variance
should have been reduced by 37 % because of genetic
drift. In BSSS, Holthaus and Larnkey (1995) reported
a 23% loss in additive genetic variance and a 76% loss
in dominance variance for grain yield after 11 cycles of
reciprocal recurrent selection. This corresponded to a
50% loss in the total genetic variance. Similar studies
have not been reported for BSCB 1. Schnicker and Lam-
key (1993) studied the change in genetic variance 
the interpopulation cross of BSSS and BSCB1 using
reciprocal full-sib families. They reported a 32% loss
in the genetic variance for grain yield after 11 cycles of
reciprocal recurrent selection. At face value, these results
suggest that genetic drift has been primarily responsible
for the loss in genetic variance in this program.
Our study focuses on molecular genetic variation in
BSSS(R) and BSCBI(R) CO and C12 populations, 
well as P used to synthesize BSSS and BSCB1. Genotypic
data for 82 RFLP loci in 428 individuals were collected.
These data were used to estimate (i) relative contributions
of progenitors to CO and C 12 populations of BSSS(R) and
BSCB 1 (R), (ii) distributions of alleles among progenitors
and relative proportions of rare alleles within these pro-
genitors, (iii) initial genetic diversity within the popula-
tions and initial divergence between the two, and (iv)
levels of genetic variation and divergence after 12 cycles
of selection.
MATERIALS AND METHODS
Populations and Selection History
Penny and Eberhart (1971) provided details of the first five
cycles of reciprocal recurrent selection using BSSS(R) and
BSCBI(R). Additional details of breeding and selection meth-
Abbreviations: BSSS, Iowa Stiff Stalk Synthetic; BSCBI, Iowa Corn
Borer Synthetic #1; P, progenitor; C, cycle; S, selfed; Syn, synthetic;
RFLP, restriction fragment length polymorphism; N~, effective population
size.
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ods through C11 can be found in Holthaus and Lamkey (1995),
Keeratinijakal and Lamkey (1993a, b), and Schnicker and
Lamkey (1993). The populations were developed in the 1930s
and 1940s by the intermating of inbred progenitor lines listed
in Table 1. BSSS(R) originated from 16 progenitor lines; 
of these were recovered. Parental lines of one of the missing
progenitor lines were also recovered, totaling 16 lines for
inclusion in this study. BSCBI(R) was formed from 12 progeni-
tor lines (Hallauer et al., 1983), all of which were included
in this study. Several changes in methodology have been incor-
porated into the program since C 1. Most relevant to this study,
after C8, 20 St lines within each population were selected for
recombination, as opposed to earlier generations where 10
lines were recombined. This was to reduce genetic drift.
Cycle 0 populations were maintained for an unknown um-
ber of generations. Before 1970, very little is known about
the maintenance of the populations. After 1970, between 300
and 500 plants were recombined each nm. intenance generation.
The C 12 populations were originally synthesized by intermat-
ing the 20 selected lines. The resulting Syn-1 (Synthetic-I)
populations were random-mated in 1989, and approximately
350 ears were harvested from both BSSS and BSCB1. These
Syn-2 populations were random-mated in 1990, and approxi-
mately 350 ears were harvested from each. This Syn-3 seed
was used to grow BSSS(R)C12 and BSCBI(R)C12 plants 
our study. The progenitors were maintained over several de-
cades as needed by self-pollinati0n.
RFLP Analysis
In 1992, approximately 200 plants from each CO and C12
population were grown at low plant densities (4050 plants/
hectare) in Ames, IA, and all individuals were labeled. Progeni-
tors grown under similar conditions were sampled that year
from Dr. Arnel Hallauer’s nursery. All plants were self-
pollinated and mature leaf tissue was collected and freeze-dried.
Leaf tissue was later ground and stored at -20°C. Leaf samples
representing 100 individuals from each CO and C12 population
were chosen at random for genotyping. DNA isolation and
RFLP analyses followed protocols described in Veldboom
et al. (1994). Probe-enzyme combinations were chosen 
maximize polymorphisms based on previous results examining
genetic diversity among progenitors and elite lines of BSSS
(Messmer et al., 1991). Restriction enzyme HindIII was used
for DNA digestion with all probes except bn15.62, umc76,
umcl40, umc26, umc60, npi398, and php6005, for which
EcoR1 was used. Data from individual probes were scored
by first determining the total number of variants segregating
at a locus and then assigning each band a molecular weight
based on internal lane standards (~, 2.0- and 24-kb fragments)
and a molecular weight ladder (L 2.0- to 24-kb fragments).
Data from 100 probes were scored. Each band was designated
numerically, and its presence/absence was recorded for each
individual. Eighteen probes were eliminated because their
banding patterns could not be interpreted. Each retained RFLP
probe was assumed to be a single locus and variants at each
locus were assumed to be allelic. Final sample sizes of n =
70 to 100 were obtained for each locus in BSSS(R) and
BSCBI(R) CO and C12 populations (mean = 97.52), n 
to 16 for BSSS(R) progenitors (mean = 15.96), and n 
to 12 for BSCBI(R) progenitors (mean = 11.98).
Probes and Map Locations
All probes were previously characterized as single copy and
used to identify loci in other populations. Probes, chromosomal
Table 1. Progenitor mean contributions to two maize populations
undergoing reciprocal recurrent selection, BSSS(R)? and
BSCBI(R)*, for Cycle 0 (C0)§ and Cycle 12 (C12)¶. Mean
contributions are expressed as standardized deviates.
CO Standardized C12 Standardized
Progenitor# mean deviate mean deviate
BSSS(R)
IaI159 0.0585 - 0.37 0.0558 - 0.39
IaI224A2 0.0578 - 0.45 0.0550 - 0.45
IaOs420 0.0750 1.37 0.0792 1.39
IaWIM56 0.0614 - 0.07 0.0629 0.15
Ind. 461-3 0.0562 - 0.62 0.0702 0.70
Ill. 12E 0.0626 0.06 0.0543 - 0.51
CI540 0.0768 1.56 0.0871 1.99
Ill. Hy 0.0849 2.41 0.0869 1.97
Oh3167B 0.0643 0.24 0.0566 - 0.33
Ind. AH83 0.0604 -0.17 0.0480 -0.99
Ind. TR 9-1-1-6 0.0608 -0.13 0.0557 -0.40
A3G-3-1-3 0.0475 - 1.53 0.0429 - 1.38
CI187-2 0.0563 - 0.61 0.0491 - 0.90
LE23 0.0654 0.36 0.0650 0.30
Fe?? 0.0543 - 0.81 0.0591 - 0.14
Ind. B277 0.0502 - 1.25 0.0475 - 1.02
Grand mean 0.0620 0.0610
Standard deviation 0.0095 0.0132
Novel alleles 0.0078 0.0248
BSCBI(R)
A340 0.0709 - 1.47 0.0624 - 1.78
CC5 0.0875 0.69 0.0932 0.95
Ill. Hy 0.0701 - 1.57 0.0696 - 1.15
I205 0.0839 0.23 0.0753 - 0.64
K230 0.0781 - 0.54 0.0793 - 0.29
L317 0.0918 1.25 0.I058 2.06
Oh07 0.0760 - 0.80 0.0918 0.82
Oh33 0.0762 - 0.78 0.0729 - 0.86
Oh40B 0.0860 0.50 0.0847 0.19
OhS1A 0.0908 1.12 0.0827 0.01
P8 0.0813 - 0.12 0.0901 0.67
R4 0.0936 1.49 0.0829 0.03
Grand mean 0.0822 0.0826
Standard deviation 0.0077 0.0113
Novel alleles 0.0139 0.0094
Iowa Stiff Stalk Synthetic.
Iowa Corn Borer Synthetic #1.
Before selection.
After 12 cycles of reciprocal recurrent selection.
Progenitor CI617 was not recovered.
~"~ A parent of progenitor FtBr7-1.
locations, and numbers of alleles at each locus identified in
this study are shown in Table 2. Chromosomal locations are
based on published maps (Davis et al., 1996; Matz et al.,
1994), and information obtained from the Maize Genome
Database on the World Wide Web (http://www.agron.
missouri.edu). Probes were provided by Dr. B. Burr, Brookha-
ven National Laboratory (bnl); Dr. D. Hoisington, University
of Missouri (umc); Dr. T. Helantjaris, Native Plants Inc. (npi);
Dr. D. Grant, Pioneer Hi-Bred International (php); and Dr.
K. Cone, University of Missouri (cl).
Statistical Analyses
The FORTRAN program GeneStrut (Constantine et al.,
1994) was used for calculating observed and expected heterozy-
gosities for each locus, diversity statistics, and Nei’s genetic
distance between populations. In the following, "^" indicates
a parameter estimate, and "-" indicates an observed genotypic
value.
Heterozygosity observed (Weir, 1990, p. 115) was esti-
mated as:
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Table 2. RFLP probes, chromosomal locations, and numbers
of alleles at each locus identified in two maize populations
undergoing reciprocal recurrent selection, BSSS(R)~" and
BSCBI(R).~. Numbers of alleles include those found in progeni-
tor, Cycle 0, Cycle 12, and total, which accounts for alleles
common to BSSS(R) and BSCBI(R). Shown in parentheses 
numbers of unique alleles within progenitor populations.
Numbers of alleles
RFLP
Chromosome probe§ BSSS(R) BSCBI(R) Total
1 bn15.62 4 (0) 4 (1) 4 (1)
umc157 5 (1) 6 (2) 6 (2)
umc76 4 (1) 4 (1) 4 (2)
bn110.38 5 (1) 4 (1) 5 (2)
umc167 3 (2) 2 (1) 3 (2)
umc128 5 (0) 5 (1) 6 (1)
umcl40 4 (1) 4 (1) 4 (1)
umc84 6 (2) 6 (5) 6 (5)
bn16.32 6 (2) 5 (0) 6 (2)
2 umc61 4 (0) 4 (1) 4 (1)
bn112.09 4 (0) 4 (0) 4 (0)
umc34 5 (0) 5 (3) 5 (3)
umc135 7 (4) 3 (1) 7 (5)
umc131 3 (0) 3 (1) 4 (1)
umc36 5 (1) 5 (2) 5 (3)
umc4 3 (1) 3 (1) 3 (1)
umc137 4 (0) 4 (1) 4 (1)
3 bn18.35 6 (4) 5 (1) 6 (4)
umc26 5 (0) 6 (2) 6 (2)
bn15.14 2 (1) 4 (2) 4 (2)
umc60 3 (1) 3 (1) 3 (2)
bn17.26 2 (1) 2 (0) 2 (1)
4 umc87 2 (0) 3 (1) 3 (1)
umc31 2 (0) 3 (0) 3 (0)
bn15.46 2 (0) 2 (0) 2 (0)
umc158 4 (0) 5 (1) 5 (1)
umc156 4 (1) 3 (1) 4 (2)
umc42 2 (0) 2 (0) 2 (0)
umcl9 4 (2) 3 (0) 4 (2)
bnl5.67 2 (1) 2 (1) 2 (1)
umcl5 5 (1) 4 (2) 5 (3)
bnl15.07 3 (0) 3 (0) 3 (0)
5 bn!8.33 4 (1) 4 (1) 4 (2)
bn16.25 5 (0) 6 (2) 6 (2)
umc147 5 (0) 4 (1) 5 (1)
bn17.56 6 (1) 6 (1) 7 (2)
bn17.71 4 (1) 4 (1) 4 (1)
bn15.71 3 (0) 5 (2) 5 (2)
umc43 3 (1) 2 (0) 3 (1)
umc54 3 (0) 2 (1) 3 (1)
cont’d
for locus l, alleles i and j, sample size n, and observed count
of heterozygotes nto, where i #: j.
Expected heterozygosity, or gene diversity, is the probability
that two randomly chosen alleles at a locus within a population
will be different (Nei, 1987, p. 178), and was estimated for
locus 1 as:
/~ = 2n(1 - ~]~i2)/(2n - 
for n individuals, where .~i is the frequency of the ith allele:
Diversity statistics include mean observed heterozygosity
per locus, total gene diversity, mean number of alleles per
locus, and percent polymorphic loci. Mean observed heterozy-
gosity per locus (Weir 1990, p. 115) was calculated as:
tn
~ = (1/m)~=j 
for rn loci, with sampling variance of a single locus,
Var(I:lt) = (1/n)/qt(1 -/~t)
GeneStrut computed the variance of the estimated mean ob-
Table 2. cont’d.
Numbers of allelesRFLP
Chromosome probe§ BSSS(R) BSCBI(R) Total
umcl0S 7 (2) 7 O) 7 (4)
6 umc85 4 (1) 3 (0) 4 (1)
umc59 6 (3) 7 (5) 9 (7)
pyp20854 6 (2) 5 (1) 7 (2)
umcll3 6 (2) 4 (1) 6 (2)
umc21 3 (0) 4 (1) 4 (1)
bn13.03 4 (1) 3 (0) 4 (1)
umc46 4 (1) 4 (1) 4 (2)
bn15.47 3 (1) 4 (1) 4 (1)
umc38 4 (1) 4 (1) 5 (2)
php10016 4 (1) 3 (0) 4 (1)
umc62 3 (2) 2 (0) 3 (2)
umc134 3 (0) 3 (0) 3 (0)
7 bnl1540 4 (0) S (2) S (2)
umcll0 7 (4) 6 (3) 8 (6)
php20746 7 (3) 6 (2) 8 (4)
bn18.32 6 (2) 7 (3) 7 (4)
bnl14.07 5 (2) 8 (4) 8 (5)
npi398 4 (1) 4 (0) 4 (1)
umc35 6 (1) 6 (1) 7 (2)
8 bnl13.05 7 (1) 9 (5) 9 (6)
bnl9.11 3 (0) 3 (1) 3 (1)
bn19.44 2 (0) 2 (1) 2 (1)
bnl10.39 4 (0) 3 (1) 4 (1)
umcl20 2 (0) 2 (0) 2 (0)
umc89 5 (1) 5 (0) 5 (1)
umc30 9 (3) 8 (2) 10 (4)
9 el 3 (1) 3 (1) 4 (2)
umc113 6 (3) 5 (1) 6 (3)
bnl3.06 4 (2) 2 (0) 4 (2.)
umcS1 4 (1) 3 (1) 4 (1)
bnl5.10 3 (1) 3 (0) 3 (1)
umc153 5 (3) 4 (1) 5 (3)
umc95 4 (2) 4 (0) 4 (2)
bn~5.09 5 (0) S (2) S (2)
10 bn13.04 4 (2) 4 (1) 6 (3)
php6005 5 (1) 5 (1) 5 (1)
umc155 3 (0) 4 (1) 4 (1)
umc159 2 (0) 3 (1) 3 (1)
umc57 4 (1) 3 (0) 4 (1)
bnll0.13 9 (4) 7 (4) 10 (7)
bn17.49 6 (3) 6 (2) 7 (4)
Iowa Stiff Stalk Synthetic.
Iowa Corn Borer Synthetic #1.
Restriction enzyme HindIH was used for DNA digestion with all probes
except bn15.62, umc76, umcl40, ume26, umc60, npi398, and php6005,
for which EcoR1 was used.
served heterozygosity, _Var(fI), by using these single-locus
values (mean of Var(Ht) divided by m, Brown and Weir,
1983).
Total gene diversity (Nei, 1987, p. 179) was calculated as:
m
/~ = E/=I Dl]m
for rn loci, where/~ is the value of/~ for the lth locus. The
variance was estimated by:
^ Var(b )/Var(D) ~ m
where
m
Mean umber of alleles per locus were computed empirically
from single-locus values. Percent polymorphic loci were deter-
mined by three different definitions, whether the frequency of
the most common allele was less than 95, 99, or 100%.
All variances of the diversity statistics assumed loci to be
statistically independent with alleles in linkage equilibrium
(Brown and Weir, 1983).
Given a locus with n alleles with frequencies :~, ZP~, in
populations a and b:
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population a population b
for r individuals and ra loci, genetic identity was calculated
according to Nei (1978), as:
i = ~-~abl(~aOb)1’ 2
where
mOa = 1/m~-~l=1 [ (2r~,~) - 1/(2r- 
m
Ob---- 1/tn~,,l=
~ 
[ (2r~) -- 1/(2r- 
Oat, = 1/m~,l=1E~i~i
and an unbiased estimate of genetic distance is:
= -ln(h.
The product-moment correlation coefficient between sets of
variables was calculated using the statistical package JMP (SAS
Institute Inc., 1995).
Microsoft QBasic programs were written to calculate ex-
pected heterozygosity of various population crosses and pro-
genitor contributions to populations.
Sample allele frequencies in progenitor, CO, or C 12 popula-
tions were used to estimate gene diversities resulting from
hypothetical crosses, assuming the probability of homozygosity
of a given allele in an F1 generation equaled the product of
its frequencies in two crossed populations. Estimates of gene
diversity in F1 using the equations for /~, /)t, Var(/~), 
Var(/~t)for a hypothetical sample size ofn = 100 were obtained
for various crosses.
Briefly, individual progenitor contributions to populations
were determined by the following algorithm.
1. For a single locus, tally the number of each allele at
that locus in the progenitor population.
2. Input subsequent population (CO or C 12) allele frequen-
cies at the locus and divide each of these frequencies by
the number of homologous progenitor alleles.
3. Assign each of these fractions to progenitors depending
on their relative diploid genotypes. The sum of fractions
assigned to a particular progenitor is considered to be
its contribution to the descendent population for that
locus.
4. Repeat Steps 1 through 3 for all loci on each chromosome
and calculate mean progenitor contribution/chromosome.
5. Calculate mean progenitor contributions over all 10 chro-
mosomes.
6. Express this value for each progenitor as a standardized
deviate: (~’~ - ~’)/s, for each variate mean contribution,
~’i, grand mean, ~’, and standard deviation, s.
Novel alleles are defined as those alleles not detected within
progenitors but present within CO or C 12 populations. Frequen-
cies in the sampled CO and C12 populations were used to
estimate relative proportions of novel alleles in each population.
RESULTS
Progenitor lines, as expected, were homozygous over
most loci (Table 3, Fig. 1). Progenitors of BSCBI(R)
were more heterozygous than progenitors of BSSS(R),
largely because of K230, which was found to be heterozy-
gous at 36 of the 82 loci. Line K230 probably was
contaminated at some point before sampling; neverthe-
less, estimated mean genetic contribution of K230 to CO
and C12 was found to be approximately average (Table
1). Between one and four polymorphic loci were detected
in all other heterozygous progenitors (13/28 progenitors).
In BSSS(R) and BSCBI(R), loci were highly heterozy-
gous in CO, with extended tails towards lower frequencies
(Fig. 1). Those loci found in the lower median of the
distribution in CO tended towards fixation, with more
than 50% of them found in class 0.0 to 0.1 by C12 in
both populations.
Frequency distributions of observed heterozygosities
and expected heterozygosides under random mating are
compared in Fig. 1. Because sampling in CO and C12
populations followed two or more generations of random
mating, observed and expected values within a cycle for
each population should have been approximately equal.
There was a trend for CO and C 12 mean observed hetero-
zygosity to be slightly less than mean expected hetero-
zygosity (Columns 1 and 2 of Table 3) indicating 
deficiency of observed heterozygotes. However, the
differences were not significant based on their standard
errors. Observed and expected heterozygosities were
positively correlated across loci within CO and C 12 popu-
lations (data not shown). Frequency distributions of both
expected and observed heterozygosities shifted toward
lower values between CO and C12 in both populations.
Mean gene diversity decreased by 0.31 in BSSS(R) and
0.45 in BSCBI(R); mean heterozygosity per locus de-
creased by 0.13 in BSSS(R) and 0.22 in BSCBI(R).
A corresponding decreasing trend in the mean number
of alleles per locus was observed (Table 3). The identities
of alleles approaching fixation (frequency greater than
95 %) in BSSS(R) and BSCBI(R) were compared. 
bn19.44 was fixed in BSSS(R)P. In BSCBI(R)P, umc54
contained an allele near fixation. There was a small
decrease in percent polymorphic loci (Table 3) between
P and CO in both populations. Four loci were close to
fixation in BSSS(R)C0 and three in BSCBI(R)C0, 
of which were shared. By C 12, 23 loci were near fixation
in BSSS(R) and 21 in BSCBI(R). Six of these 
shared between BSSS(R) and BSCBI(R). At three 
of six, different alleles had become most frequent. By
C 12, approximately 13 % more loci were fixed (frequency
of most common allele equal to 1.0) in BSCB 1 (R) relative
to BSSS(R), but in both populations, nearly three-
quarters of the loci contained a most frequent allele at
less than 95 %.
The overall loss of variation as measured by gene
diversity was compared with theoretical expectations
under drift (assuming the observed genetic variation to
be selectively neutral) by the equation
D, = Do[1 - (1/2Ne)]’
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Table 3. Diversity statistics for 82 RFLP loci in two maize populations undergoing reciprocal recurent selection, BSSS(R)$ and BSCBI(R)$.
Means and standard errors in progenitor (P), Cycle 0 (C0)§, and Cycle 12 (C12)¶ populations are summarized.
Mean Mean % Polymorphic loci
heterozygosity Gene no. of alleles
Population per locus diversity per locus <1.0 <0.99 <0.95
BSSS(R)P 0.01 :t: 0.000 0.59 ± 0.022 4.0 ::1:2.12 98.8 98.8 98.8
BSSS(R)C0 0.44 ± 0.199 0.49 ± 0.019 3.4 ± 1.34 97.6 95.1 95.1
BSSS(R)C12 0.31 + 0.098 0.34 ± 0.025 2.7 ± 0.84 95.1 84.1 72.0
BSCBI(R)P 0.05 :i: 0.002 0.61 + 0.020 4.0 _+2.06 100 100 98.8
BSCBI(R)C0 0.52 ± 0.278 0.58 ± 0.022 4.1 ± 2.26 100 98.8 96.3
BSCBI(R)C12 0.30 ± 0.089 0.32 ± 0.025 2.5 ± 1.17 81.7 80.5 74.4
Iowa Stiff Stalk Synthetic.
Iowa Corn Borer Synthetic #1.
Before selection.
After 12 cycles of reciprocal recurrent selection.
(Nei, 1987, p. 361) where Dt is diversity at time t, 
is diversity at time zero, Ne is effective population size,
and t is time measured in generations. Theoretical results
of Vencovsky (1978) suggested that Ne for a single cycle
under a reciprocal recurrent selection scheme will equal
the number of selected lines. Using CO as time zero, Ne
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Fig. 1. Frequency distributions of observed and expected heterozygosity across all RFLP loci in BSSS(R) and BSCBI(R) maize populations. 
value along the x-axis refers to the upper boundary of the corresponding class interval.
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as the harmonic mean of the number of selected S1 lines
(12), and t = 12 cycles, Dl2 was 0.29 for BSSS(R)C12
and 0.35 for BSCBI(R)C12. The predicted Di2 for
BSCBI(R)12 was close to the observed estimate of 0.32.
The predicted value of Dl2 for BSSS(R)C12 was lower
than the observed value of 0.34, but the observed gene
diversity in BSSS(R)C0 may have been erroneous (see
Discussion).
Gene diversities of hypothetical population crosses
(Table 4) are directly comparable with Table 3, Column
2, and are an indicator of genetic divergence between
two populations. If comparable populations of BSSS(R)
and BSCBI(R) differed in their allelic compositions,
diversities between BSSS(R) and BSCBI(R) (estimated
by crossing them) should have been greater than within
populations. Comparing results in Table 3 (within) with
Table 4 (between), within versus between values were
not very different in CO but deviated substantially by
C12. By comparing (CO x CO) with (C12 × C12) 
Table 4, it can be seen that the pooled gene diversity
of BSSS(R) and BSCB 1 (R) has been maintained between
CO and C12.
Nei’s genetic distance between populations (Table 5)
depicted an increase in genetic differentiation between
the C12 of BSSS(R) and BSCBI(R) relative to their
progenitors. Genetic distance between the two progenitor
populations was relatively small (0.07). The genetic dis-
tances within BSSS(R) and BSCBI(R) between P 
C12 (0.33 and 0.26) were similar to the P and C12
distances between them (0.33 and 0.39). If the two
C 12 populations had attained similar allelic compositions
during selection and sampling, the original small distance
between progenitor populations would have been main-
tained. An examination of the C 12 to C 12 distance (0.66)
shows that this was not the case. An increase over
progenitor distance by about an order of magnitude had
occurred.
The expected distance between P and CO within
BSSS(R) and BSCB 1 (R) should have approximated 
in the absence of drift and selection. Genetic distance
between BSCBI(R)P and CO was closer to zero than the
analogous distance for BSSS(R). The distance between
BSSS(R) and BSCB 1 (R) in their COs should have equaled
the distance between their progenitor populations, but it
increased threefold. Comparing the distance between
progenitor populations with distances within and between
BSSS(R) and BSCBI(R) between P and CO, BSSS(R)C0
Table 4. Comparison of genetic variation within and between two
maize populations undergoing reciprocal recurrent selection,
BSSS(R)’~ and BSCBI(R)~t. Gene diversity of hypothetical popu-
lation crosses between Cycle 0 (C0)§ and Cycle 12 (C12)¶
populations. Means and standard errors for n = 100.
BSSS(R) BSCBI(R) /~# SE
C0 x CO 0.624 0.0201
CO x C12 0.621 0.0284
C12 x CO 0.654 0.0230
C12 x C12 0.655 0.0325
CO x C12 0.529 0.0238
CO x C12 0.587 0.0253
Iowa Stiff Stalk Synthetic.
Iowa Corn Borer Synthetic #1.
Before selection.
After 12 cycles of reciprocal recurrent selection.
Gene diversity.
Table 5. Nei’s genetic distance between two maize populations
undergoing reciprocal recurrent selection, BSSS(R)t and
BSCBI(R)~t, including progenitor (P), Cycle 0 (CO)§, and Cycle
12 (C12)¶ populations.
Population
BSSS(R) BSCBI(R)
Population P CO C12 P CO
BSSS(R)C0 0.13
BSSS(R)C12 0.33 0.21
BSCBI(R)P 0.07 0.18 0.39
BSCBI(R)C0 0.10 0.21 0.42 0.02
BSCBI(R)C12 0.33 0.44 0.66 0.26 0.26
Iowa Stiff Stalk Synthetic.
Iowa Corn Borer Synthetic #1.
Before selection.
After 12 cycles of reciprocal recurrent selection.
appeared relatively excessively distant from the three
other populations.
Genetic drift during the process of obtaining CO popu-
lations from progenitors was examined by estimating
mean progenitor genetic contributions to subsequent pop-
ulations (Table 1). Mean contributions were calculated
under the assumption that a given allele in CO or C12
is equally likely to have descended from any homologous
allele found within the progenitors. Frequency distribu-
tions of mean contributions by progenitors within
BSSS(R) and BSCBI(R) to CO and C12 did not signifi-
cantly differ from normality by use of a Shapiro-Wilk
W test (BSSS(R)C0, W = 0.9244, P = 0.1995;
BSSS(R)C12, W = 0.8978, P = 0.0752; BSCBI(R)C0,
W = 0.9509, P = 0.6027; BSCBI(R)C12, W = 0.9878,
P = 0.9927; Shapiro and Wilk, 1965). Progenitors I11.
Hy and CI540 in BSSS(R), and L317 in BSCBI(R)
made significantly greater than average contributions (as
evaluated by their standardized deviates, t0.05l~ = 1.96)
to CO or C12. All other progenitor contributions were
within 1.96 standard deviations of the mean. Mean pro-
genitor contributions to CO were significantly correlated
with their contributions to C12 for both BSSS(R) (r 
0.87, P < 0.001) and BSCBI(R) (r = 0.65, P < 0.05).
A fraction of alleles in CO and C12 were seemingly
absent in the progenitors (Novel alleles in Table 1).
Given their sums, ranging from about 0.8 to 2.5%,
the majority have most likely been introduced through
contamination rather than by mutation or intralocus re-
combination. In addition, unique contributions from the
unrecovered progenitors of BSSS(R) may have been
ignored.
Distributions among progenitors of the 391 alleles at
the 82 loci (Fig. 2) illustrate that about 25 % were unique.
All progenitors contained unique alleles, ranging from
2 to 17. K230, which was unusually heterozygous, did
not contain an unusual number of unique alleles (12).
In the few instances where a progenitor carried more
than one unique allele on a chromosome, they were not
physically clustered, but rather were interspersed with
loci containing nonunique alleles (data not shown). 
CO, 5% of unique alleles were extinct in BSCBI(R),
and 54% in BSSS(R). By C12 of both populations,
approximately 60% of unique alleles had gone extinct,
20 % had reached frequencies greater than 0.1, and 5 %
had reached frequencies greater than 0.5.
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Fig. 2. Frequency distributions of the number of progenitors with the
same RFLP allele, for all loci in BSSS(R)P and BSCBI(R)P. 
x-axis refers to the number of progenitors carrying a specific allele,
e.g., in BSSS(R)P, 91 alleles were limited to a single progenitor,
61 alleles were found in two progenitors, etc.
DISCUSSION
Intense artificial selection, unknown levels of natural
selection, and sampling of BSSS(R) and BSCBI(R) 
sulted in (i) decreased genetic variation within both popu-
lations, (ii) an increased genetic distance between them,
and (iii) a maintenance of gene diversity between 
and C12 with respect to their total gene pool.
Genetic drift of selectively neutral alleles in finite
populations was the model used to interpret our findings.
The RFLP loci were chosen for their attributes of being
single copy, polymorphic, and providing wide coverage
of the genome. None were chosen on the basis of pre-
viously discovered linkage to yield or to any other quanti-
tative trait of interest in this selection experiment. It is
possible that alleles at a fraction of the loci have either
undergone selection or were linked to selected loci, and
that their variation was affected by this. This will be
explored in a forthcoming report. For our present pur-
poses, the drift model is supported by the observation
that the loss of heterozygosity was at the rate predicted
(observed D12 was very close to theoretical expectations
in both populations).
Nevertheless, genetic variation in BSSS(R) and
BSCB 1 (R) qualitatively behaved as predicted by theoreti-
cal expectations of the reciprocal recurrent selection
model. The genetic distance between BSSS(R) and
BSCBI(R) increased tenfold between P and C12. Pooled
gene diversity of BSSS(R) and BSCB1 (R) was maintained
at its initial high level even though a large fraction of
loci approached fixation within each population. This
implies that, on average across all loci, different alleles
approached fixation and extinction in each C12 popula-
tion. Both theoretical models and computer simulations
(Lacy, 1987) have pointed out that population subdivision
is more effective than panmixia in maintaining an initial
total level of gene diversity over many generations during
drift. If BSSS(R)C0 and BSCBI(R)C0 can be thought
of as independent samples from the same gene pool, their
subsequent isolation from each other during a process of
genetic drift may sufficiently explain the maintenance of
total diversity and the increase in genetic distance.
Progenitor lines were examined with respect to their
genetic contributions in terms of both overall contribu-
tions and unique alleles. No single progenitor in either
population made an extreme genetic contribution to CO
or C12. Initial differences in progenitor contributions to
CO were somewhat maintained between CO and C12.
Approximately 25 % of all alleles were unique, that is,
limited to a single progenitor. This finding supports
results by Messmer et al. (1991) and Neuhausen (1989).
Although each progenitor originally carried at least two
unique alleles, most of these (60-80%) were close 
extinction by C12. It is possible that we missed some
rare alleles during sampling. According to Gregorius
(1980), a sample size of 100 plants is associated with 
95 % probability of detecting alleles as rare in frequency
as 5%. The sample size of 100 in BSCBI(R)C0 was
sufficient to detect 95 % of the unique alleles identified
in the progenitors. It is reasonable to assume that the
observed values in C12 were within the same error range.
The mean time to extinction of an allele undergoing drift
depends on its initial frequency and effective population
size (Kimura and Ohta, 1969). The expected mean num-
ber of generations for a unique allele to go extinct in
this experiment, assuming an initial frequency of 1/16
and Ne of 12, is about nine generations. Theoretically,
doubling Ne would approximately double this time. A
large fraction of unique alleles (20 %) remained at reason-
able frequencies (greater than 0.1) by C12. These alleles
have become common enough that, if they are favorable,
the effects of selection to increase their frequencies hould
overcome the effects of drift to eliminate them from the
populations.
The extinction of many unique alleles in BSSS(R)C0,
as wall as loss of variation and a larger than expected
genetic distance from BSSS(P), implied that there was
substantial drift between BSSS(R)P and CO. Small effec-
tive population sizes during the maintenance of
BSSS(R)C0 is a potential cause. We believe this was
likely to have happened during maintenance of the popu-
lation rather than during establishment. This was sup-
ported by the observations that the two C12 populations
were quite similar in their levels of variation and frequen-
cies of unique alleles, the two CO populations were
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originally constructed using similar methods, and strong
drift in progenitor contributions to BSSS(R)CO was not
evident. In addition, BSSS(R)CO was maintained over
many more generations than was BSCB1(R)CO. How-
ever, the lack of data on two of the BSSS(R) progenitor
lines could have contributed to a larger than expected
genetic distance between P and CO.
The small genetic distance between progenitors indi-
cated that the two populations were not highly divergent
initially, although they were very broadly based. Mess-
mer et al. (1991) showed that BSSS progenitors were
not closely related to each other based on RFLP data.
The observation that unique alleles within individual
progenitor lines were interspersed with nonunique alleles
implies that very large chromosomal segments did not
differ between them.
Low levels of novel alleles in BSSS(R) and BSCBl(R)
implied that genetic variants may have been introduced
from an outside source. These levels should be considered
an underestimate of contamination inasmuch as alleles
introduced from outside sources which were already
present in the progenitors were not accounted for in this
study. Moderate levels of migration, on the order of a few
immigrants per generation, would drastically counteract
loss of neutral variation by drift in these populations.
Because this was not evident when comparing CO and
C12 populations, we infer that contamination through
airborne pollen or otherwise was minimal.
Ultimately, we wish to know if the present levels of
genetic variation can tell us how likely it is that selectable
genetic variation has been exhausted. A study by Keera-
tinijakal and Lamkey (1993a) showed no response to
selection for increased yield between C9 and Cl 1 in these
populations. Holthaus and Lamkey (1995) measured a
23 % loss in additive genetic variance for yield between
BSSS(R)CO and Cl 1, although this was not statistically
significant.
The equilibrium level of neutral genetic variation is
predicted to be
4Ne\i/(4Ne\i + 1).
Mutation rates (n) within the average range for eukar-
yotes (10~8 to 10~4 gene"1 generation"1) are insufficient
for overcoming genetic drift and maintaining allelic di-
versity in populations of small effective sizes such as
these (Lacy, 1987). Therefore, the equilibrium level of
genetic variation will be reached when all loci become
fixed, which is expected to take more than 50 generations.
Loci undergoing strong directional selection will, on
average, become depleted of genetic variation more rap-
idly than those experiencing only drift. Alleles at loci
undergoing intense selection can reach fixation within
about 20 generations (based on a simulation in Lacy,
1987). If a selective plateau seems to have been reached in
this breeding program, it may be valuable to reintroduce
variation from the progenitors to replace alleles lost
during early cycles by drift or natural selection.
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